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tors in the basal ganglia have remained somewhat enig-
matic, with a number of competing theories relating to the
interactions of the ‘direct’ and ‘indirect pathways’. Computa-
tional models have been good at simulating properties of
the system, but are typically divorced from the underlying
neural architecture. In this article we propose a new model
which re-addresses response selection at the level of the
basal ganglia. At the core of this response selection system
the D1 DA receptor-expressing striatal pathways ‘prepare’
the set of possible appropriate responses. The D2DR-
expressing striatal pathways then shape and ‘select’ from
this initial response set framework.
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INTRODUCTION
In its simplest form decision making might be referred to
as the process of response selection. In any given
situation information is used to select one action from
an array of possible alternatives. This is the translation
of information into action (e.g. sensation to response).
The neurotransmitter dopamine (DA) has been heavily
implicated in the normal acquisition and expression of
reinforcement learning (Montague et al., 2004). Arguably,.
ons. org/licenses/by-nc-nd/3.0/).
Response output
Thalamus
GPe
GPi
STN
DA
D2D1 D1 D1D1 D2 D2 D2
GPi/SNr GPe
Cortex
DA
Response output
Sensory input
STN
Cortex
D1 D2D1 D2
LC
FSFS FS
Thalamus
Sensory input
D5DR
Excitatory
Inhibitory
D1DR
D2DR
(b)(a)
Fig. 1. Two schematic views of the basal ganglia. In (a) the D1 and D2 pathways are segregated to emphasize their discrete qualities. In (b) a more
accurate topography is represented showing some of the feedback pathways inherent in the D2 system. Abbreviations: D1 (D1DR-expressing
MSN), D2 (D2DR-expressing MSN), GPi/SNr (globus pallidus interna/substantia nigra pars reticulata), GPe (globus pallidus externa), STN
(sub-thalamic nucleus), FS (fast-spiking interneuron), LC (large cholinergic interneuron).
3 Note it is not the evolution of the D1DRs and D2DRs of interest
here. Rather, it is the evolution of the two striatal pathways expressing
the different dopamine receptors (direct and indirect pathways).
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the striatum of the basal ganglia which contain an order of
magnitude more DA receptors than any other brain region
(Dawson et al., 1986; Lidow et al., 1989; Richﬁeld et al.,
1989). Consequently, we focus on the striatum in this arti-
cle, although we are aware that D1 and D2 receptors may
have important, and indeed, contrasting, functions at the
level of the prefrontal cortex that are important for cogni-
tive functions such as working memory and attention
which may contribute in part to some of the behavioral
eﬀects described below (Durstewitz and Seamans,
2008; Seamans and Robbins, 2010). However, there
are important reasons for considering the striatum to be
important for response selection, including sequencing
and the performance of instrumental responding
(Redgrave et al., 1999; Balleine and O’Doherty, 2010).
In this review we begin with a brief overview of some
of the core features of basal ganglia organization. While
the basal ganglia neural networks are complex, their
modulation by their dopaminergic innervation plays a
key role in response selection. A prominent feature of
the basal ganglia architecture is the separation of
incoming information into two pathways known as the
direct and indirect pathways (Mink, 1996). Cells of the
direct pathway predominantly express the D1 DA receptor
(D1DR) and the cells of the indirect pathway express the
D2 DA receptor (Gerfen et al., 1990; Surmeier et al.,
2007). These receptors act in an opposing fashion when
bound to DA in terms of their impact on G protein intracel-
lular messengers (adenylyl cyclase) and the consequent
changes in cellular excitation.
Using agonists and antagonists speciﬁc to the
diﬀerent DA receptors it is possible to investigate the
roles of these receptors in the expression of
instrumental behavior. By integrating the ﬁndings across
a number of psychopharmacological studies it is
possible to distill some common and profound results.
These results suggest that reward is encoded twice andin two diﬀerent ways in the direct and indirect pathways
of the striatum. We suggest that during action selection
the D1DR-expressing MSNs of the direct pathway
prepare the set of possible responses, whereas the
D2DR-expressing neurons provide a more reﬁned
selection which is dependent on current biological
needs. We call this system a ‘prepare and select’ (PAS)
architecture. In this new model of the basal ganglia we
propose that both the direct and indirect pathways carry
excitatory signals. This is in contrast to certain existing
models which propose a ‘Go’ (direct pathway) ‘No-Go’
(indirect pathway) architecture (e.g. Frank, 2005).
This new ‘PAS’ model is supported by research into
neuronal function at the cellular and receptor level.
Furthermore, there is increasingly strong evidence to
suggest that the D1DR-expressing pathway derives from
a more archaic system. Indeed, it is plausible that the
later evolution of the D2DR-expressing indirect pathway
represented a major branch point in cognitive evolution,
helping to deﬁne the vertebrate subphylum (Strausfeld
and Hirth, 2013)3 – it previously having been stated that
‘‘you cannot have a vertebrate brain without a basal ganglia’’
(Reiner, 2009). While the evidence is still incomplete we
hope that this new model will help stimulate new research
into the functionality of this basal ganglia architecture.NEUROANATOMICAL CONSIDERATIONS
In order to understand how the basal ganglia is capable of
response selection following reinforcement it is ﬁrst
necessary to review some of the core features of its
neural architecture. The following heavily simpliﬁed
description represents what we believe to be the most
important features of the system.
4 Further details of the methods and results of the SNT(7) study can
be found in Annex I.i at the end of this review paper.
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the stimulus–response interface, sensory information is
channeled to the basal ganglia from the cortex (and
thalamus) in the form of excitatory (glutamatergic)
inputs. The striatum is the primary input nucleus of the
basal ganglia and its principal cell type is the medium
spiny neurons (MSNs). These neurons send out
inhibitory (GABAergic) projections to their targets.
Broadly speaking, the population of MSNs in the
striatum can be divided into two types: those expressing
D1DRs and those expressing D2DRs. The two MSN cell
types are approximately equally expressed and
‘randomly’ distributed throughout the striatal volume.
Furthermore, these two cell types represent a division of
incoming neural activation along two diﬀerent pathways
(Fig. 1):
 D1DR-expressing MSNs predominantly send inhibitory
projections directly to the output nucleus of the basal
ganglia: the globus pallidus interna/substantia nigra
pars reticulata (GPi/SNr). This is referred to as the
‘direct pathway’ or ‘D1 pathway’.
 D2DR-expressing MSNs predominantly send inhibitory
projections ﬁrst to the globus pallidus externa (GPe).
The GPe then sends inhibitory projections to the
sub-thalamic nucleus (STN). The STN then sends
excitatory projections back to all structures in the basal
ganglia, including the GPi/SNR. Consequently, this
pathway is referred to as the ‘indirect pathway’ or ‘D2
pathway’.
The more extended D2 pathway also possesses some
more complex features. The GPe is not considered an
output structure like the GPi/SNr. Instead, it is
considered an important feed-forward and feedback
center in the basal ganglia (Jaeger and Kita, 2011).
Indeed, a signiﬁcant sub-population of the GPe neurons
project back to the striatum innervating both interneurons
and projection neurons (Mallet et al., 2012). The interneu-
rons of the striatum, although fewer in number than the
MSNs, extend laterally across the parallel projecting path-
ways (Fig. 1b). Consequently, activity in individual D2
pathway neurons may ultimately result in a wider spread
neuronal modulation, such as might be used in lateral
competition processes between competing pathways
(Wickens et al., 1991; Tunstall et al., 2002). This is in con-
trast to the simpler parallel pathway structure of the D1
system.
D1 and D2 DA receptors
Not only do the D1 and D2 pathways take markedly
diﬀerent routes through the basal ganglia, the diﬀerent
DA receptors also have strikingly diﬀerent properties.
The DA receptors are a family of G protein-coupled
receptors (GPCRs), to which extracellular DA binds
leading to a response. Generally speaking, when bound
to DA, the D1DRs function in an excitatory fashion,
increasing the likelihood of a given D1-MSN ﬁring
(Surmeier et al., 2007). In contrast, the D2DRs behave
in an inhibitory fashion, reducing the likelihood of a given
D2-MSN ﬁring.In addition, these two receptor types also show
diﬀerent temporal proﬁles of activity. DA release is
typically divided into two types: tonic and phasic. Tonic
activity refers to the continuous output of the system. In
contrast, phasic activity refers to the shorter term burst
activity of the DA-ergic cells. The receptor properties
reveal that the D2DRs are of high aﬃnity and more
sensitive to changes in tonic DA levels. In contrast, the
D1DRs are relatively of low aﬃnity and preferentially
sensitive to phasic changes in the DA levels (Dreyer
et al., 2010).
While this brief review is not exhaustive it does detail
the basic properties required to understand our new
model of basal ganglia function. Before we detail this
new model, it is ﬁrst necessary to detail some of the
experiments from which it was derived.BEHAVIORAL EVIDENCE
Actions followed by rewards are reinforced in future
situations when all other factors are held constant. This
can be considered as a subjective causal chain of
state? action? outcome. The state represents all
factors which may contribute to a decision, including the
environment and its stimuli, hunger level, emotional
state etc. In reality, no two states will ever be identical,
although they might be very similar. Reinforcement
learning ensures that in given states those actions
which have produced a history of high return are
favored. DA is known to play an important role in this
reinforcing process. By manipulating the parameters of
this behavioral chain it is possible to investigate the
roles of the DA-ergic system by using speciﬁc
pharmacological manipulations. This section reviews
some relevant recent work.Sequencing
Much of the research into operant behavior has focussed
on a very short response sequence or chain performance.
For instance a simple lever press may result in the
delivery of a reward for a rat. However, it is also
possible to train subjects to perform an extended
sequence of heterogeneous responses in order to
obtain a reward. At the start of such a sequence, we
can deﬁne early components as being distal from the
reward and late components as proximal to it.Long sequence SNT(7). In recent unpublished studies
(Keeler, 2013), rats were trained to perform a ﬁxed seven
component sequential nose-poke task, referred to as the
SNT(7).4 Performance was entirely self-paced, with the
correct nose-poke location signaled with the presentation
of a light using a linear nose-poke array. The sequence
3? 1? 2? 3? 4? 5? Reward was performed freely
for 30 min with no penalties for incorrect responding.
Performance measures used for assessment included tri-
als or sequences completed, correct response latency
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Fig. 2. (a–c) Slowing of individual sequence components on the SNT (7) at single drug doses relative to vehicle (no drug), using SCH-23390 (D1DR
antagonist), sulpiride (D2DR antagonist) and quinpirole (D2DR agonist). (d–f) Relative slowing of these compounds across the initiating and
terminating components on both the SNT(7) and SNT(4) sequence variants. (g) Superﬂuous responses generated under the inﬂuence of quinpirole
on the SNT(6) by location. Adapted from Keeler (2013). For further details refer to the Annexes at the end of this review paper.
5 Further details of the methods and results of the SNT(6) study can
be found in Annex I.iii at the end of this review paper.
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incorrect response count (by location).
We used systemic pharmacology to investigate the
roles of the D1 and D2 DA receptors in SNT(7)
performance. SCH-23390 (0.2-mg/kg) was used as a
D1DR antagonist and selectively and signiﬁcantly slowed
the performance of early sequence components
(Fig. 2a). This eﬀect was most pronounced for the early
sequence components and reduced in a graded manner
toward terminal sequence components, with no
signiﬁcant slowing eﬀect on the ﬁnal component.
Sulpiride (60-mg/kg) was used to investigate the eﬀects
of D2DR antagonism and produced strikingly similar
results, slowing early sequence components a great deal
while leaving terminal components relatively unimpaired
(Fig. 2b). Drugs aﬀecting the D2DR system are known to
induce changes both presynaptically (autoreceptors) and
postsynaptically. The general consensus is that at large
doses, such as the sulpiride dose of interest here,
behavioral eﬀects are largely mediated by post-synaptic
mechanisms (Tanaka et al., 1992).Quinpirole (0.03-mg/kg) was used as a D2DR agonist.
The response latency slowing eﬀects were less uniform
than those already discussed, but early sequence
components were generally more grossly slowed
(Fig. 2c). However, at higher doses (0.1- and 0.3-mg/kg)
an informative breakdown in behavior was observed.
The completion of correct sequences was greatly
impaired with an excess of responses occurring in the
terminal response locations, especially hole-5, of the
sequence. This ﬁnding was conﬁrmed using a naive set
of rats trained to perform a simpliﬁed version of the
sequence referred to as the SNT(6).5 Over nine
dose days it was again demonstrated that quinpirole
(0.5-mg/kg) consistently induced a profound response
bias for terminal response locations (Fig. 2g). It is known
that low doses of quinpirole act on autoreceptors and
reduce dopaminergic output through negative feedback
mechanisms. Higher doses, such as those used in this
7 In the study of instrumental conditioning, it has been demonstrated
that rats encode the relationship between their actions and the
following outcomes (Dickinson and Balleine, 1994). The behavior is
considered goal-directed if it is sensitive to the contingency between
160 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175study, have been demonstrated to produce a more
profound eﬀect at post-synaptic receptors (Benaliouad
et al., 2009). The intriguing discovery of a sequence termi-
nation bias at the high quinpirole doses is therefore likely
the result of post-synaptic eﬀects. This type of behavioral
phenomenon has been previously observed, albeit it in a
much simpler procedure in which rats had to respond for
a stimulus previously associated with water by making
two responses in a precise sequence in a 2-lever operant
chamber. Animals treated with the stimulant drug pipradrol,
which, like methylphenidate, increases synaptic levels of
DA, aberrantly caused greatly increased responding on
the second lever of the sequence, which of course was
ineﬀectual in producing the reward-related stimulus
(Robbins, 1976).
Short-sequence SNT(4). It is tempting to draw the
conclusion that these dopaminergic manipulations were
causing an initiation deﬁcit, with respect to operant
sequencing. However, this description would be
incomplete. Such a deﬁcit may be acting in an ‘initiation-
anchored’ manner or a ‘termination-anchored’ manner.
Put more simply, an initiation-anchored deﬁcit would
mean that the magnitude of the slowing was
independent of the distance of the initiation of the
component from the future reward. We would predict in
such an instance that initiation would be similarly
impaired irrespective of the length of the operant
sequence. With a termination-anchored deﬁcit we would
instead expect initiating components to be more greatly
retarded when they were further from the reward.
To test this hypothesis, rats were retrained on a
shortened sequence task referred to as the SNT(4),6
consisting of 3? 4? 5? Reward. It should be noted
that the initiating and terminating components of this
sequence are the same as those in the SNT(7). The
same drugs were investigated at the same doses already
discussed. The D1DR-antagonist SCH-23390 (0.2-mg/kg)
caused a similar eﬀect across both sequences, impairing
initiation by a similar amount, and not altering termination
performance in either (Fig. 2d). The D2DR antagonist
sulpiride (60-mg/kg) caused a proportionally greater
slowing deﬁcit on the shorter SNT(4) sequence for both
initiation and termination components (Fig. 2e). In
contrast, the eﬀects of the D2DR agonist quinpirole (0.03-
mg/kg) were blunted on the initiation of the shorter
sequence (Fig. 2f).
The initiation–termination analysis across the two
diﬀerent sequence versions of the SNT showed a three-
way dissociation among the drugs investigated. The
D1DR antagonist retarded performance in an initiation-
anchored manner. However, the D2DR drugs (quinpirole
and sulpiride) impaired performance in a termination-
anchored manner, and in contrasting ways.
Homogenous short-sequence and contrafreeloading
The extended and heterogeneous response sequence of
the SNT enabled the response bias produced by6 Further details of the methods and results of the SNT(4) study can
be found in Annex I.ii at the end of this review paper.quinpirole to be revealed. Quinpirole biased the
expression of actions closest to the reward in the
sequence (reward proximal bias). This important ﬁnding
would not have been possible using a single response
location, such as is the case in a ﬁxed ratio lever-
pressing task where there is repeated responding, but
on a single manipulandum (i.e. it is a homogeneous
chain). However, this does raise an interesting question:
what would be the eﬀects of quinpirole on a short
sequence, homogenous response chain?
Relevant to this question, Cioli et al. (2000) trained
water-deprived rats to perform a lever press (ﬁxed ratio
3, [FR(3)]) for access to water. Given the homogeneous
nature of the task the reward proximal component was
repeated three times in what was a comparatively short
sequence. Remarkably, at a quinpirole dose comparable
to that which greatly impaired performance on the
SNT(6) and SNT(7), performance was unimpaired on
the lever-pressing task (Fig. 3a).
In addition, Cioli et al. also investigated a
phenomenon referred to as ‘contrafreeloading’. Using
the same lever-pressing procedure a second water
source was introduced into the testing chamber. Water
was freely available at this second location. A thirsty rat
could normally be expected to switch from lever-
pressing for water to exploitation of the newly available
resource. In order to exploit a new resource it is ﬁrst
necessary to explore the possible alternatives.
Balancing exploitation with exploration is an important
feature of optimal behavior (Humphries et al., 2012).
Once a new resource has been discovered it may be nec-
essary to transition from exploration behavior into exploi-
tation so that the new resource may be eﬃciently mined.
The paradigm is therefore also relevant for assessing
the habitual7 qualities of the performed sequence as the
contrafreeloading is akin to degradation of the
instrumental contingency, a major method for revealing
habitual elements in performance (Yin et al., 2005) Those
rats treated with quinpirole continued to press the lever at
a rate four times higher than those treated with no drug
(Fig. 3b), the drug again inducing a behavioral bias. Com-
bining these results with the ﬁndings on SNT described
above it again seems likely that quinpirole had resulted in
the over-expression of reward proximal behavior. This
behavioral bias also displays the hallmarks of habitual
action at the cost of goal-directed performance.Extinction and reversal
Quinpirole caused rats to produce an excess of reward
proximal behavior on both the SNT and the
contrafreeloading tasks. On the SNT rats produced this
behavior in the absence of any successful trials and
consequently without reward. This is an example ofthe action and the outcome (the instrumental criterion) and if perfor-
mance is dependent on whether the contingent outcome is a current
goal or not (the goal criterion). As behavior becomes insensitive to
these criteria it is said to become habitual in nature.
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Fig. 3. Panel (a) shows the number of trials performed per minute on the SNT(6) and a FR(3) task under no drug (vehicle) and quinpirole conditions.
Panel (b) shows performance of the FR(3) schedule when a second source of freely available water was introduced (contrafreeloading). Quinpirole-
treated rats continued to push the reinforced lever at a rate four times higher than vehicle-treated subjects. Adapted from Cioli et al. (2000). Panel (c)
shows results from a brain stimulation reward study using and FR(1) schedule. Note how the D2DR-agonists quinpirole and CV 205–502 caused a
considerable over-expression of lever pressing at frequencies normally considered unrewarding. Adapted from Nakajima and O’Regan (1991).
Panel (d) shows the eﬀects of D1DR and D2DR antagonists infused into the dorsal striatum of rats on a forced-choice foreperiod reaction time task.
The D2DR antagonist raclopride (1 lg/1 ll) signiﬁcantly slowed reaction times at all foreperiod delays (F(1, 7) = 64.1, P< 0.01), with no
Dose  Delay interaction. The D1DR antagonist SCH23390 (1 lg/ll) signiﬁcantly slowed reaction time, but only in a delay-dependent manner,
canceling the speeding eﬀect of increasing foreperiod (Dose  Delay interaction, F(3, 21) = 4.86, P< 0.01)). These eﬀects were graded by dose
and were not found following ventral striatal infusions. 2SED= 2 standard errors of the diﬀerences of the means. Adapted from the unpublished
thesis of Pretsell (further details in Annex II).
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seemingly resistant to extinction or switching. This
phenomenon has been investigated explicitly using an
extinction paradigm. Kurylo and Tanguay (2003) trained
thirsty rats to insert their heads into a funnel in order to
receive a single delivery of water. After 4 days of training
rats were tested under extinction to investigate the
number of funnel entries in the absence of reward deliv-
ery. Quinpirole treatment retarded extinction again pro-
ducing an over-expression of reward-related actions.
Much like the results from the SNT paradigm this behavior
occurred in the absence of reward delivery.
A clear pattern is thus emerging: quinpirole biases the
expression of those actions with the strongest ‘rewardassociation strength’, in the sequencing case
determined by reward proximity. This phenomenon is
also illustrated in a reversal learning paradigm.
Boulougouris et al. (2009) trained rats on a two-lever spa-
tial discrimination task with a reversal learning compo-
nent. On each trial both levers were presented, but only
one provided access to reward. After reaching a criterion
level of performance (consistent selection of the rewarded
lever) the levers were switched. Reward delivery was now
contingent on pressing the previously unrewarded lever.
Quinpirole (0.3-mg/kg) signiﬁcantly impaired reversal: rats
persisted on the previously rewarded lever (in common
with other results in non human primates, Lee et al.,
2007). Furthermore, this reversal deﬁcit was blocked by
162 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175co-administration of a D2/D3DR antagonist (raclopride),
but not with a D3DR-speciﬁc antagonist (nafadotride).
This study strongly suggests that the behavioral persever-
ation induced by quinpirole is due to its D2DR agonist
properties.Brain stimulation reward (BSR)
The induction of reward-associated perseveration is not
limited to quinpirole but also seen with other potent
D2DR agonists. Broekkamp and van Rossum (1974) orig-
inally reported that the mixed D1–D2 agonist apomor-
phine produced a perseveration of operant performance
maintained by BSR delivered to electrodes in the
A9/A10 DA cell group region even when the rewarding
electrical current was turned oﬀ (i.e. in extinction). In a
similar BSR task Nakajima and O’Regan (1991)
implanted bipolar electrodes into the lateral hypothalamus
of rats which were then trained to press a lever producing
stimulation at a predeﬁned frequency. The frequency of
stimulation was systematically changed and a frequency
response curve plotted. High-frequency stimulation had
a greater reinforcing eﬀect, resulting in a higher rate of
instrumental lever pressing. Under no drug conditions
the frequency of stimulation was reduced to a non-
reinforcing level and rats normally extinguish their
responding. However, following the D2 receptor agonist
quinpirole (1-mg/kg) or CV 205–502 (0.04-mg/kg) rats
perseverated in lever-pressing at the ‘non-rewarding’
stimulation frequencies (Fig. 3c).Foreperiod in forced-choice and two-choice tasks;
response preparation
Unpublished work of Pretsell (1993) used a forced-choice
task8 in which rats were required to initiate each trial. After
initiation of a trial, a variable foreperiod (waiting period) was
selected from a discrete uniform distribution [0.6, 0.9, 1.2,
1.5 s]. At the end of this foreperiod a light signal occurred,
signaling that the subject could make a lateralized
response to the illuminated location in order to receive
reward.
SCH-23390 and raclopride (D2DR antagonist) were
infused into the dorsal striatum and subjects tested on
the foreperiod paradigm. Increasing foreperiod duration
on such tasks is associated with progressively faster
reaction times, probably as a consequence of enhanced
response readiness or response preparation (e.g. Brown
and Robbins, 1991). D2DR-antagonism resulted in a sig-
niﬁcant slowing at all foreperiod delays (Fig. 3d). In con-
trast, the D1DR-antagonist canceled out the speeding
eﬀect of the foreperiod, without slowing short foreperiods,
thus eliminating response readiness. The interaction of
the D1DR-antagonist in the dorsal striatum with foreperi-
od is thus strongly suggestive of a preparatory role of
the D1DR-system. These diﬀerential eﬀects were pre-
served as a function of dose and were not obtained follow-
ing infusions in the ventral striatum (nucleus accumbens)
(unpublished observations).8 Refer to Annex II for further details.In a further, complementary study, systemic doses of
D1DR and D2DR antagonists were used in a variant of
the two-choice reaction time task (Courtie`re et al.,
2003). In this task, two brightness levels of the discrimina-
tive stimulus were used (low, high) and two diﬀerent
foreperiods were used (short [0.5 s], long [1.5 s]). At the
dose used, the D1DR antagonist had no signiﬁcant eﬀect
on reaction time at both low- and high-light intensity lev-
els. In line with Pretsell’s ﬁndings, however the D1DR
antagonist was also shown to interact with foreperiod
duration. In contrast, the eﬀects of the D2DR antagonist
interacted in a signiﬁcant manner with signal intensity.MODEL: ‘PAS’
In order to explain these results we must consider the
process of encoding reward. When an event is followed
by a reward the two events become associated.
However, there are a number of parameters which may
be manipulated in this relationship and we therefore
have to consider the concept of ‘reward-association
strength’ of responses.Reward association strength
The dopaminergic system is critical for reward prediction
learning and consequently for modulating ‘exploitation
behavior’. An unexpected reward results in a DA-ergic
‘surge’ (Schultz, 1998). behavioral states (e.g. deﬁned
by conditioned stimulus (CS) presentation) becoming pre-
dictive of the reward take on this DA surge inducing qual-
ity. As such, the DA surge might be used in some
instances as an index of such reward-based learning.
Fundamental to this process of reinforcement learning is
the encoding of reward association strength of respond-
ing. When a behavioral state (or CS) is followed by a
rewarding outcome the strength of this association may
be manipulated in a number of ways:
 Reward magnitude: with increasing reward value the
predictive strength of a behavioral state (or CS) is
increased (Tobler et al., 2005).
 Reward temporal proximity: a state predictive of a
reward produces its greatest DA surge when the two
are in temporally close proximity (Fiorillo et al., 2008).
 Reward probability: when a state (CS) is consistently
(100%) followed by a reward then the cue becomes a
good predictor (Fiorillo et al., 2003), causing a DA
surge when presented. However, this relationship can
be weakened by reducing the probability of reward.
 Experience: for each one of the above examples,
repeated exposure to the experience is required for
learning.
Here we have described some of the fundamental
features of the processes underpinning Pavlovian
learning in the formation of CS-US associations.
However, we would argue that these core principles
also underpin the functions of the striatum in the
acquisition of instrumental responding. Furthermore, we
would argue that the striatum is a response selection
hub responsible for processing both ‘goal-directed’ and
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Fig. 4. (a) Dopamine binding to a D1DR-expressing MSN is excitatory, reducing the separation between the starting activation and ﬁring threshold,
reducing the time taken to activate. (b) Dopamine binding to a D2DR-expressing MSN is inhibitory, increasing the separation between starting
activation and ﬁring threshold, increasing the time taken to reach activation. (c) Proposed model for reward encoding in the D1 pathways: with
increased reward association strength signal ampliﬁcation is introduced through corticostriatal LTP, increasing the rate of rise in activation.
(d) Proposed model of reward encoding in the D2 pathways: with increased reward association strength the D2DRs are internalized, reducing the
inhibitory eﬀect of dopamine (red crescents) binding. Adapted from Keeler (2013).
J. F. Keeler et al. / Neuroscience 282 (2014) 156–175 163‘habitual’ behaviors. Indeed, as we shall discuss in further
detail later, it is largely the reward association strength
which deﬁnes whether the behavior is either goal-
directed or habitual.
Using the concept of reward association strength, the
question is, how is this property encoded and expressed
in the system?MSNs as accumulators
Before we can consider the encoding of reward
association strength we should ﬁrst address the simple
properties of the principal cell type of the striatum, the
MSN. MSNs accumulate incoming excitatory inputs over
time. Weak excitatory input is insuﬃcient to excite the
cells whereas strong input results in excitation above
the ﬁring threshold of the neuron, with consequent
generation of action potentials. Not only should strong
excitation result in more reliable activation of a particular
unit, it also should result in faster activation. The MSNs
may be considered as a parallel bank of evidenceaccumulators, each competing in a ‘race’ to activation. It
should be noted though that evidence accumulation is
subject to noisy dynamics, introducing an element of
randomness to the race.
The race to activation is not only inﬂuenced by the
incoming excitatory glutamatergic inputs, but also by DA
release in both the direct and indirect pathways. In
general, DA may increase the activation level
(excitatory) via binding to the D1DR, but exerts
inhibitory inﬂuences via the D2DR. Binding at the D1DR
can therefore be considered to reduce the diﬀerence
between the starting activation level of the MSN and the
ﬁring threshold (Fig. 4a). This has the functional eﬀect
of reducing the duration of an individual race to
threshold. In contrast, binding of DA to the D2DR
results in greater separation between the starting
activation and the ﬁring threshold, resulting in a
protracted race (Fig. 4b). We consider the situation in
which two MSNs both receive the same input, one
expressing D1DRs and the other D2DRs. In the
absence of DA the winner of the race is dictated by
164 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175noisy neuronal dynamics resulting in a stochastic
outcome. However, as extracellular DA levels are
increased the D1DR expressing neuron would more
reliably win the race.
D1 pathway: long-term potentiation (LTP) reward
encoding
Races may not only be biased by altering the separation
between the starting activation and the ﬁring threshold.
The incoming excitation is responsible for controlling the
rate of rise of the activation. Consequently, more salient
information should result in a faster rate of rise,
presumably contributing to the phenomenon of signal
intensity reducing reaction times (Cattell, 1886; Ulrich
and Miller, 1994). Reinforcement learning biases evi-
dence accumulation over time. Hence, extended training
under reinforcement also results in faster reaction times,
even though the qualities of the information source remain
the same.
One such way of speeding the rate of rise of an
individual MSN is to introduce an ampliﬁcation stage in
the ﬂow of activation. LTP can result in just such an
ampliﬁcation process, by increasing the number of
functional connections between the cortical projections
and the MSNs of the striatum. Indeed, activation of the
D1DRs is important in the process of LTP at the
corticostriatal synapses (Calabresi et al., 2000; Kerr and
Wickens, 2001). Furthermore, the concurrent activation
of the D1DRs with artiﬁcial cortical stimulation resulted
in greater connectivity from the cortex to the striatum than
either condition alone (Mahon et al., 2004). This means
that when an event is paired with appropriate D1DR stim-
ulation future occurrences of that event should result in a
faster rate of activation rise in the associated MSNs.
Recall, the size of the DA surge scales with the magnitude
of the reward (Tobler et al., 2005). If it follows that the
degree of LTP scales with the size of the DA-ergic signal
this would mean that the level of corticostriatal connectiv-
ity represents a physical encoding of reward association
strength: strong reward association? high corticostriatal
connectivity. This proposal is illustrated in Fig. 4c.
Binding of DA to the D1DR can be considered such
that DA can act to stimulate actions through the D1
pathway. However, this is only eﬀective in the presence
of appropriate cortical excitation (Carter and Sabatini,
2004; Surmeier et al., 2007). With the proposed LTP
spectrum it is the initiating components (reward distal)
which would beneﬁt most greatly from a facilitatory DA
surge. Those components with a strong reward associa-
tion strength would instead become increasingly DA inde-
pendent: cortical excitation would become suﬃcient to
drive activation of these components. Indeed, after
extended training the phasic dynamics of DA release do
appear to favor facilitation of reward-distal components
(Wassum et al., 2012). In such sequencing behavior pha-
sic DA release appears particularly important for the initi-
ation of behavior. This is well matched to the properties of
the D1DR which shows low-aﬃnity binding for DA making
it more sensitive to phasic release. It is also consistent
with the SNT work showing that D1DR antagonism
was operating in an initiation-anchored manner (Fig. 2g).D2 pathway: receptor internalisation reward
encoding
Repeated stimulation by DA causes receptor
internalisation in both the D1 MSNs (Dumartin et al.,
1998), and the D2 MSNs (Bartlett et al., 2005). Activation
of the D1DRs acts in an excitatory manner, however,
given the proposed increased corticostriatal connectivity
such receptor loss would be inconsequential: with appro-
priate reward history cortical drive would become suﬃ-
cient without the need for additional D1DR excitation.
However, there is also evidence to suggest that D1DRs
are stored for recycling back to the membrane after inter-
nalisation (Martin-Negrier et al., 2006).
Although LTP processes have also been shown to
occur at the D2 MSNs this process does not appear to
be dependent on DA-ergic activity. Rather, it is activity
of the adenosine receptors, that co-localize with the
D2DRs, which seems to be important in LTP induction
(Shen et al., 2008). We propose that the encoding of
the DA-ergic reward signal in the D2 pathway is instead
dependent on the D2DR expression level of the individual
MSNs. To start with a simple premise: increased reward
association within a particular D2-pathway enhances
future selection probability (faster race speed). Given
the inhibitory function of the D2DR, tonic DA levels act
to inhibit the population of D2 MSNs. Therefore, those
MSNs which have internalized their receptors will be
released from such DA-ergic inhibition. This process of
D2DR internalization can be induced with either DA or
an appropriate D2 agonist (Lane et al., 2012). Further-
more, these internalized D2DRs are channeled for
destruction (Iizuka et al., 2007), presumably contributing
to the sensitisation eﬀects seen with D2 agonists (e.g.
Foley et al., 2006) with a failure to resensitize over
extended recovery periods (Bartlett et al., 2005).
Consequently, we propose that reward association
strength is primarily encoded in the D2 pathway through
D2DR removal: high reward association strength? low
D2DR expression. This proposal is illustrated in Fig. 4d.
This encoding strategy has some intriguing properties:
as tonic DA levels are increased, such as during times
of hunger (Ostlund et al., 2011), those pathways with a
high reward association strength will be increasingly
biased to win the race to activation. This can alter the bal-
ance of behavior between exploit and explore response
selection in a manner dependent on current biological
state (e.g. hunger). After all, it is increasingly important
to select highly rewarded actions when nutrient needs
are at their greatest. Indeed, this mechanism provides a
simple explanation for the biased choices made by hungry
supermarket shoppers compared to those who are sated
(Nederkoorn et al., 2009). This proposed mechanism is
also well matched to the high-aﬃnity binding properties
of the D2DR, which is more sensitive to changes in tonic
DA levels than the low-aﬃnity D1DR which is more
sensitive to phasic bursts (Rice and Cragg, 2008;
Dreyer et al., 2010).
It is possible to explain the behavioral eﬀects of the
D2DR agonists given this simple model of the D2 system.
Consider control of performance of the SNT(7) sequence:
it could be assumed that the most reward-proximal
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J. F. Keeler et al. / Neuroscience 282 (2014) 156–175 165pathway (sequence termination) has an estimated arbitrary
value for D2DR expression of 1 R (Fig. 5a, top row). The
initiating component is seven steps away from the reward
and arbitrarily is assigned a receptor expression value of
7 R. Intermediate responses have receptor expression
values that scale according to their associated reward-
proximity. When comparing across sequence lengths,
encoding of the reward association strength would be
equivalent for the termination components of both the
SNT(7) and SNT(4) versions of the task. However, the
initiation components across the two tasks would show
diﬀerent receptor expression levels: 7 R for the SNT(7)
and 4 R for the SNT(4). Consequently we should expect,
and indeed do ﬁnd, that D2DR agonists impair initiation
on the SNT(7) by a greater amount while impairing
termination by an equivalent amount when compared to
the SNT(4) (Fig. 2i). As the level of D2DR agonism is
increased, early sequence components of the SNT(7)
become so greatly inhibited that they are rarely selected
(activated), whereas terminal components remain
relatively unimpaired (Fig. 5b). This explains the response
bias introduced on the SNT(7) with high quinpirole doses
(Fig. 2j).D2 system: response competition, balancing exploit/
explore tendencies
In order to explain the complete behavioral eﬀects of the
D2 manipulations it is necessary to consider and
incorporate some simple network functionality. At thelocal level the D1 pathways operate relatively
independently of one another, in parallel. In contrast, the
D2 system operates as a feedforward and feedback
hub, allowing activation to spread laterally through the
basal ganglia, across the parallel pathways (Fig. 1b). In
the race to activation an important control feature is the
ability to inhibit neighboring, competing pathways.
Indeed, the structure of the D2 system could contribute
to phenomena such as Hick’s law (Hick, 1952; Usher
et al., 2002): as the response selection load increases,
the mean reaction time also increases. With such an
architecture we should expect those responses most sim-
ilar to compete more heavily with one another. This is
because the spread of lateral inhibition is presumably lim-
ited in size. Such phenomena have been demonstrated
behaviorally (Laco and Marley, 2004). The structure of
the D2 system is of the form capable of mediating such
competition processes.
Response competition of this type slows the time
taken to commit to a speciﬁc selection when there are
multiple competing pathways. This is beneﬁcial as it
enforces extended information gathering which can
improve the accuracy of the choice selection through
extended sampling and might be considered a form of
deliberation.
Long sequence performance. The properties of this
system can again be illustrated by assessing SNT(7)
performance. Take a rat that has been trained to
perform a true seven-component heterogeneous
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166 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175response chain. When placed in the operant chamber one
of the set of possible responses must be performed (or
nothing at all). We can refer to the set of seven
responses as the ‘exploit set’. If the system has been
successfully biased by reward history, then these
responses should be more easily activated, facilitating
exploitation of the available reward. As above, we can
arbitrarily label these pathways with a receptor
expression level from 1 R (reward proximal) to 7 R
(reward distal) (Fig. 6a, column 1).
The set of possible responses is actually greater than
these seven nose-pokes. In addition, actions exist which
are not associated with the reward, and therefore not
associated with exploitation. As such, the low reward
association level of these actions would result in a high
D2DR expression level in their respective pathways. For
example, approaching the ceiling of the chamber would
not be associated with reward delivery. Let’s assume,
for simplicity, under normal conditions there is only this
one competing pathway. A value of 10 R has been
assigned arbitrarily to such a hypothetical pathway. As
this pathway is not associated with task exploitation we
can assign it to the ‘exploration set’. Combined, the
exploitation and exploration sets make up the ‘active
set’ of competing responses (Fig. 6a, column 1). In
addition, there are numerous responses which never
normally reach an activity level suﬃcient to compete:
these make up the ‘inactive set’. Indeed this pool ofpathways will be exceptionally large, and mostly
irrelevant to the current behavioral context.
If a D2DR agonist is introduced into this system, those
pathways expressing a large number of D2DRs are
inhibited, and removed from the active-set (Fig. 6a,
column 2). This reﬂects the situation described in the
previous section (Fig. 5b). At an optimal dose it is
plausible that performance might be enhanced due to
the removal of competing pathways: shrinking the
exploration set. However, D2DR agonists also directly
inhibit the pathways of the exploitation set and at high
doses have the potential to completely inhibit
(functionally remove) vital performance components:
those with the weakest reward association (reward distal).
In contrast, if a D2DR-antagonist is introduced into the
system the inverse could be expected to occur with
respect to the number of members of the active-set
(Fig. 6a, column 3). As the D2DR antagonist blocks the
inhibitory eﬀects of the normal tonic levels of DA, there
is reduced inhibition in pathways that would normally
remain inactive. Consequently, these pathways become
a part of the active set. For illustrative purposes we
have assumed that, at this hypothetical dose of the
D2DR-antagonist, those pathways expressing fewer
than 14 R receptors are ‘recruited’ and become
members of the active set. This results in a larger
explore set. As the time taken to reach activation is
dependent on the number of competing pathways, this
J. F. Keeler et al. / Neuroscience 282 (2014) 156–175 167increased competition results in a slowing of response
latencies across all sequence components. While the
explore set is enlarged, this does not necessarily mean
subjects are more likely to explore. The enhanced
deliberation time may indeed facilitate selection of
exploit-type responses just with a retarded time course.
This model can explain why both D2DR agonists and
antagonists impair performance on an extended
heterogeneous sequence when there is deviation from
optimum receptor activity level.Short sequence performance. For the reduced
sequence of the SNT(4), we can expect diﬀerent eﬀects
from such D2DR pharmacological manipulations. In
order to distinguish these eﬀects it is necessary to
consider the performance of ﬁxed doses across the two
diﬀerent sequence length task variants. To simplify
analyses only the initiation and termination components
are considered. We consider ﬁxed drug doses and the
proportional slowing they introduce relative to no drug
conditions. As such, we can say the D2DR agonist
slowed initiation on the SNT(7) by a certain ‘slowing
factor’, and initiation on the SNT(4) by another factor
(Fig. 2i).
As discussed, the initiating component for the SNT(7)
is modeled as expressing more D2DRs than the initiating
component for the SNT(4) (Figs. 5a and 6). A moderate
dose of a D2DR agonist has a greater retarding eﬀect
on the initiating component of the SNT(7) due to the
greater receptor expression (Fig. 5a). However, at
higher doses the agonist can inactivate the initiating
component of the SNT(7) (Fig. 6a, column 2) while
leaving the initiating component of the SNT(4) relatively
intact (Fig. 6b, column 2). Consequently, the D2DR
agonist operates in a termination-anchored manner,
more greatly impairing initiation of longer sequences.
Equally, we might say that the system has been biased
to operate in an exploit mode. However, over-
expression of the exploit mode of the system results in
gross over-expression of the terminal components (high
reward association) and a failure to successfully exploit
at all.
In order to understand the eﬀects of the D2DR
antagonist we must further consider the balance of
exploit and explore sets and the resulting competition
dynamics. With normal task performance, the size of the
active set of components is assumed to be smaller for
the SNT(4) due to the reduced response requirements
(smaller exploit set). Assuming that for the SNT(7) there
are normally 8 competing components (Fig. 6a, column
1) there are instead only 5 competing components for
the SNT(4) (Fig. 6b, column 1). In both cases we
arbitrarily assume that the D2DR-antagonist dose brings
pathways with less than 14 R receptor expression into
the active set. This results in the addition of extra
explore components to each of the active sets. We
assume, arbitrarily, that nine are added to the explore
sets of both the SNT(7) (Fig. 6a, column 3) and SNT(4)
(Fig. 6b, column 3). Recall, slowing is again proportional
to the size of the active set. On the SNT(7), the active
set size has increased from 8 to 17 components,resulting in a slowing factor of 2.125 (in this instance).
When considering the same manipulation for the
SNT(4), the active set size is increased from 5 to 14
components. The slowing due to competition is
therefore increased by a factor of 2.8. This is a
proportionally greater slowing on the shorter sequence.
This model is consistent with the ﬁnding that sulpiride-
retarded response times to a greater extent on the
shorter SNT(4) (Fig. 2h).Integrating D1 and D2 receptor systems
To recap,wehave proposed thatDAacts as a reward signal
and this is encoded twice, utilizing diﬀerent mechanisms in
the striatum: LTP in the D1 pathways, and receptor
internalisation in the D2 pathways. However, these two
systems also tightly integrate with one another within the
basal ganglia.
When confronted with a familiar situation, experience
dictates the set of possible responses which may be
activated. This activation will be represented in both the
D1 and D2 pathways. However, the D1 pathway
projects directly to the output nucleus. As such we
propose that the initial activation of the output system is
primarily due to the activity in the D1 pathways.
Furthermore, the set of active responses will be
relatively large due to the independent operation of
these parallel pathways. Simultaneous activation of
competing and potentially opposing responses is a non-
desirable property of a system which is required to
select an individual response. However, this initial
activation can be used to prepare the set of possible
responses, before an exact selection is made. This
means that anticipation may be advantageously used in
advance of choice, facilitating in processes such as
motor readiness. Indeed, it has been well documented
in foreperiod tasks that an advanced warning signal may
be used to enhance reaction times (Niemi and
Na¨a¨ta¨nen, 1981). This is exactly what was found by Pret-
sell (Fig. 3d). A D1DR antagonist infused directly into the
dorsal striatum blocked the speeding eﬀect aﬀorded by a
foreperiod. This strongly implicates the D1 pathway in the
preparation of responses.
In contrast, activity of the D2 system has been shown
to be much more important in precise selection. This is
clearly seen with the use of D2DR agonists. Quinpirole
grossly inhibits pathways with a weak reward
association strength. This greatly retards and
functionally knocks out both exploratory pathways and
reward distal pathways in the race to activation. This
explains the response bias induced on the SNT (Fig. 2j)
but the preservation of responding on short sequences
(Fig. 3a). The induced inhibition of exploratory
responses also explains the reversal deﬁcits, retarded
extinction and over-expression of lever-pressing on the
BSR task (Fig. 3c). This also explains the failure of the
rats to explore and exploit the new water source in Cioli
et al.’s (2000) contrafreeloading task (Fig. 3b).
The time course and activity proﬁle of the output
nucleus will ultimately be an interaction of the two
pathways: the D1 system preparing the set of possible
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response based on current biological needs (e.g. hunger).Goal-directed to habitual behavior
Cortical drive is the most important factor in response
activation. The eﬃcacy with which cortical excitation
activates the respective pathways in the basal ganglia is
dependent on reward history. With a low reward
association strength considerably greater cortical drive
is required. Equally, a low reward association results in
a slower rise to threshold, reducing the probability of
winning the selection race when competing against
comparable inputs. However, a paucity of reward history
can be overcome with greater cortical input drive. Early
on in training a stimulus may not provide suﬃcient
activation. However, reorganisation of these inputs into
‘higher constructs’ can overcome this problem. The
frontal and prefrontal cortices are typically associated
with executive function and the generation of forward
models and goal-directed behavior (Valentin et al.,
2007). This cortical reorganisation of information can pre-
sumably overcome the deﬁcits in reward association
strength.
Indeed, it could be argued that poor reward
association strength necessarily dictates that behavior is
goal-directed in nature. We might therefore considerbehavior to exist along a spectrum in relation to reward
proximity (Fig. 7a). It has in fact been shown that
actions more distal to the reward are controlled by the
outcome value (goal-directed) and those proximal to the
reward are controlled by the Pavlovian value (Balleine
et al., 1995; Balleine and O’Doherty, 2010).
The topography of the striatum (and indeed basal
ganglia) shows great matching with these goal-directed
to habitual properties. The striatal spectrum is best
described as running along a ventromedial through
dorsolateral axis (Voorn et al., 2004). The ventromedial
regions receive substantial cortical innervation from the
prefrontal cortex, whereas the dorsolateral regions are
more heavily connected with sensorimotor regions.
Indeed, it has been shown that more medial regions of
the striatum are important for control of goal-directed
behavior (Yin et al., 2005) whereas lateral striatal regions
are more important in controlling habitual behavior (Yin
et al., 2004, 2006). This is also reﬂected in the progres-
sive shift of the DA signal with extensive training. As
learning progresses the DA signal in the ventromedial
regions of the striatum declines, while the DA signal in
the dorsolateral striatum increases (Willuhn et al., 2012).
Consequently, there is good evidence to suggest that
before there has been opportunity to establish a strong
reward association, the more frontal goal-directed
systems dictate behavior through their more medial
J. F. Keeler et al. / Neuroscience 282 (2014) 156–175 169striatal connections. However, once reward associations
have been established for a particular situation the
lateral regions of the striatum eﬃciently activate
behavior with the simplest constructs/stimuli available
(Fig. 7b).DISCUSSION
In this paper we have discussed what we consider to be
some of the most important properties of the basal
ganglia in relation to DA-ergic control of behavior.
Delving into the evolutionary history of the basal ganglia
system some fascinating discoveries are revealed,
relevant to the proposed PAS model. DA production
evolved around 600 million years ago and is responsible
for controlling motility in all mobile multi-cellular
organisms (Caveney et al., 2006). ‘‘To think is to move’’,
and this control is DA-dependent. Even more fascinating
is the history of the dual output pathways of the basal gan-
glia. This architecture is unique to vertebrates (Reiner,
2009). Simpler organisms, with smaller nervous systems
possess only a single (direct) pathway (Strausfeld and
Hirth, 2013). Evolution of the second (indirect) pathway,
for precise response selection, appears to be a major
development underpinning all vertebrate cognition,
including mammals and ultimately humans.
The PAS model makes predictions about how reward
is encoded in the striatum in response to DA-ergic activity
and indeed how future DA-ergic activity inﬂuences
behavior. In instrumental sequencing behavior it is not
surprising to discover that the D1 system performs in an
initiation-anchored manner. This is appropriate given the
phasic sensitivity of the D1DRs (Dreyer et al., 2010) and
the identiﬁcation of surges of DA at the beginning of a
sequence (Jin and Costa, 2010) presumably operating
to invigorate initiation. It seems likely that the circuitry of
the basal ganglia is also responsible for acquisition of
cue-controlled surges of DA with extensive learning
(Wassum et al., 2012). With multi-component sequences,
such as the SNT, progressively earlier components must
acquire this control over time, resulting in appropriate
behavioral initiation. The later sequence components
(reward proximal) become increasingly less dependent
on DA surges to invigorate behavior as their corticostriatal
connectivity will have been previously profoundly
strengthened.
In contrast, the D2 system is proposed to operate in a
termination-anchored manner. Those pathways with the
strongest reward association (reward proximal in the
case of sequencing behavior) are proposed to encode
reward in a novel manner: internalisation of D2DRs.
This makes the terminal components of the sequence
relatively DA dependent compared to the reward distal
components. This is a striking diﬀerence in the
operation of the D1 and D2 systems and explains why
D2DR agonists can induce over-expression of reward
proximal behaviors.
While the PAS model accurately describes the array
of behavioral data presented, its performance should be
compared with other common models of basal ganglia
function (Mink, 1996; Redgrave et al., 1999;Baldassarre and Mirolli, 2013). This leads us to consider
possible commonalities and diﬀerences among these
models, including the present one. Redgrave et al.
(1999) proposed in their model that the basal ganglia
comprises a vertebrate selection architecture. The PAS
model delves further into the function of the DA-ergic sys-
tem by speciﬁcally addressing the roles of the direct and
indirect pathways. We would suggest this provides a crit-
ical new facet to such models by highlighting the integra-
tion of the preparatory D1 system and the selection
function of the D2 system. Diﬀerences in these pathways
have been addressed previously, for instance, in Frank’s
model (2004) it is proposed that the direct and indirect
pathways act in opposition and represent ‘‘Go’’ and
‘‘NoGo’’ signals respectively. An important component of
this argument is the evidence from deep-brain stimulation
(DBS) studies. It is argued that the STN sends a global
NoGo signal to inhibit thalamocortical activity, and it is
suggested that this heavily contributes to the motor
impairments in Parkinson’s disease (Frank et al., 2007).
Consequently, it is argued that STN inactivation could
be used beneﬁcially to treat Parkinson’s disease.
Actually, this is largely consistent with the PAS model.
However, we argue that a reframing of this nomenclature
would be beneﬁcial. During decision formation, if no D2
receptor expression diﬀerences exist across the indirect
pathways, then there is no functionally useful encoding
of reward history. Indeed, it seems likely that for chronic
Parkinson’s disease there is a long-term ‘restoration’ of
D2DRs across the MSNs to high levels of expression.
This would explain the elevated D2 receptor binding in
Parkinson’s patients (Brooks et al., 1992; Ryoo et al.,
1998). In turn, this would result in extremely high compe-
tition between any active pathways, resulting in protracted
deliberation, and a greater reliance on goal-directed corti-
cal drive. Without this D2DR encoding of reward history,
indeed the system is pushed into a state of deliberation
which we might refer to as ‘NoGo’. However, if during a
decision there has previously been great reward encoded,
then the exact D2 pathway carrying this signal likely facil-
itates activation, and acts in a Go manner! This is why D2
agonists are capable of biasing behavior toward those
actions with a strong reward history. The presumed loss
of the ‘D2DR landscape’ and D1 system’s enhanced con-
nectivity in the striatum of Parkinson’s patients results in
the dissolution of habitual connections (strong reward his-
tory) and the reliance on more eﬀortful goal-directed
behavior (Redgrave et al., 2010). The PAS model
assumes the striatum acts as a conduit for both habitual
and goal-directed connections. Indeed, we propose that
an appropriate reward history transforms the goal-
directed connections into habitual ones, reducing the
need for cortical drive and associated processes of
deliberation.
Researchers must be careful to consider these
properties when drawing conclusions. It has been
shown using a variety of techniques including
optogenetic stimulation that activation of the D1
pathways results in enhanced locomotion and
conditioned place preference, whereas activation of the
D2-pathways results in Parkinsonian-like deﬁcits with
170 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175reduced CPP (Kreitzer and Berke, 2011). We would
argue that this is because gross activation of the D2 path-
ways results in large inter-pathway competition, holding
the system in a state of deliberation. However, it seems
likely that activation of a single appropriate pathway in
the D2 system would actually result in response facilita-
tion. Indeed, it has been more recently shown that activity
in both direct and indirect pathways precedes the genera-
tion of an action (Cui et al., 2013).
The initial work leading to the formulation of the PAS
model used the SNT and peripheral injections in order
to manipulate the dopaminergic system. There are of
course limitations to such techniques. Nevertheless, the
review of other relevant behavioral evidence in the
literature further supports this new model. It will be
important to build on the early work of Pretsell (1993)
using precise central manipulations of the striatum to fur-
ther validate and test the PAS model. Although specula-
tive, the model makes precise predictions which need to
be tested with precision techniques such as optogenetics
and DREADDS (Ferguson et al., 2011). Given the
homogenous expression and distribution of the D1 and
D2 pathways in the striatum we propose that any regional
diﬀerences identiﬁed with central infusions will be more
dependent on the nature of the inputs to the striatum more
than any other factors. This model can therefore be used
to explain the goal-directed to habitual spectrum previ-
ously identiﬁed across the ventromedial through dorsolat-
eral axis. With the PAS model we suggest that response
selection is an interactive process between the two path-
ways with the D2 modulated pathway activity shaping that
of the D1 pathway. To further support these proposals we
have also here generated a step-wise evolutionary model
detailing every developmental stage from single-cellular
life through to the vertebrate basal ganglia architecture.
In this review we have focussed on the proposed
neuroarchitecture of the striatum and the functions of
the two pathways expressing D1DRs and D2DRs. DA
also importantly acts to modulate the prefrontal cortex
and this is important for the normal expression of
executive functions (Robbins, 2005). The role of the DA-
controlled activity in the PFC is believed to be particularly
important in top-down control of behavior. Such executive
functions encompass the control of selective attention,
cognitive ﬂexibility and forward planning (Miller and
Cohen, 2001; Durstewitz and Seamans, 2008).
We also recognize that the expression of DA
receptors on interneurons in the striatum also
complicates the interpretation of results and the
formulation of models. Indeed, the behavioral changes
following such gross pharmacological manipulations are
likely complex. Nevertheless, the behavioral evidence
is striking and we believe the PAS model provides a
parsimonious solution for describing the array of
behavioral ﬁndings reviewed. Of course this model is
not yet quantitative like those of some authors
(Redgrave et al., 1999; Ratcliﬀ and McKoon, 2007;
Baldassarre and Mirolli, 2013) and must also be vali-
dated with functional studies of both receptor expression
and corticostriatal connectivity of the individual
pathways.Acknowledgments—This work was supported by an MRC Stu-
dentship and Centenary Award to J.F.K., an SERC Studentship
to D.O.P., and by a Wellcome Trust Grant (089589/Z/09/Z)
awarded to T.W.R. It was conducted at the Behavioural and
Clinical Neuroscience Institute, which is supported by a joint
award from the Medical Research Council and Wellcome Trust
(G00001354).REFERENCES
Baldassarre G, Mirolli M (2013) Deciding which skill to learn when:
Temporal-Diﬀerence Competence-Based Intrinsic Motivation
(TD-CB-IM). In: Baldassarre G, Mirolli M, editors. Intrinsically
motivated learning in natural and artiﬁcial systems. Berlin,
Heidelberg: Springer. p. 257–278.
Balleine BW, Garner C, Gonzalez F, Dickinson A (1995) Motivational
control of heterogeneous instrumental chains. J Exp Psychol
Anim Behav Process 21:203–217. http://dx.doi.org/10.1037/0097-
7403.21.3.203.
Balleine BW, O’Doherty JP (2010) Human and rodent homologies in
action control: corticostriatal determinants of goal-directed and
habitual action. Neuropsychopharmacol Oﬀ Publ Am Coll
Neuropsychopharmacol 35:48–69. http://dx.doi.org/10.1038/
npp.2009.131.
Bartlett SE, Enquist J, Hopf FW, Lee JH, Gladher F, Kharazia V,
Waldhoer M, Mailliard WS, Armstrong R, Bonci A, Whistler JL
(2005) Dopamine responsiveness is regulated by targeted sorting
of D2 receptors. Proc Natl Acad Sci USA 102:11521–11526.
http://dx.doi.org/10.1073/pnas.0502418102.
Benaliouad F, Kapur S, Natesan S, Rompre´ P-P (2009) Eﬀects of the
dopamine stabilizer, OSU-6162, on brain stimulation reward and
on quinpirole-induced changes in reward and locomotion. Eur
Neuropsychopharmacol 19:416–430. http://dx.doi.org/10.1016/
j.euroneuro.2009.01.014.
Boulougouris V, Castan˜e´ A, Robbins T (2009) Dopamine D2/D3
receptor agonist quinpirole impairs spatial reversal learning in
rats: investigation of D3 receptor involvement in persistent
behavior. Psychopharmacology (Berl) 202:611–620. http://
dx.doi.org/10.1007/s00213-008-1341-2.
Broekkamp CLE, van Rossum JM (1974) Eﬀects of apomorphine on
self-stimulation behavior. Psychopharmacologia 34:71–80. http://
dx.doi.org/10.1007/BF00421222.
Brooks DJ, Ibanez V, Sawle GV, Playford ED, Quinn N, Mathias CJ,
Lees AJ, Marsden CD, Bannister R, Frackowiak RS (1992)
Striatal D2 receptor status in patients with Parkinson’s disease,
striatonigral degeneration, and progressive supranuclear palsy,
measured with 11C-raclopride and positron emission
tomography. Ann Neurol 31:184–192. http://dx.doi.org/10.1002/
ana.410310209.
Brown VJ, Robbins TW (1991) Simple and choice reaction time
performance following unilateral striatal dopamine depletion in the
rat impaired motor readiness but preserved response preparation.
Brain 114:513–525. http://dx.doi.org/10.1093/brain/114.1.513.
Calabresi P, Gubellini P, Centonze D, Picconi B, Bernardi G, Chergui
K, Svenningsson P, Fienberg AA, Greengard P (2000) Dopamine
and cAMP-regulated phosphoprotein 32 kDa controls both striatal
long-term depression and long-term potentiation, opposing forms
of synaptic plasticity. J Neurosci 20:8443–8451.
Carter AG, Sabatini BL (2004) State-dependent calcium signaling in
dendritic spines of striatal medium spiny neurons. Neuron
44:483–493. http://dx.doi.org/10.1016/j.neuron.2004.10.013.
Cattell J (1886) The inﬂuence of the intensity of the stimulus on the
length of the reaction time. Brain:512–515.
Caveney S, Cladman W, Verellen L, Donly C (2006) Ancestry of
neuronal monoamine transporters in the Metazoa. J Exp Biol
209:4858–4868. http://dx.doi.org/10.1242/jeb.02607.
Cioli I, Caricati A, Nencini P (2000) Quinpirole- and amphetamine-
induced hyperdipsia: inﬂuence of ﬂuid palatability and behavioral
J. F. Keeler et al. / Neuroscience 282 (2014) 156–175 171cost. Behav Brain Res 109:9–18. http://dx.doi.org/10.1016/
S0166-4328(99)00155-2.
Courtie`re A, Hardouin J, Goujon A, Vidal F, Hasbroucq T (2003)
Selective eﬀects of low-dose dopamine D1 and D2 receptor
antagonists on rat information processing. Behav Pharmacol
14:589–598. http://dx.doi.org/10.1097/01.fbp.0000104030.08123.
de.
Cui G, Jun SB, Jin X, Pham MD, Vogel SS, Lovinger DM, Costa RM
(2013) Concurrent activation of striatal direct and indirect
pathways during action initiation. Nature 494:238–242. http://
dx.doi.org/10.1038/nature11846.
Dawson TM, Gehlert DR, McCabe RT, Barnett A, Wamsley JK (1986)
D-1 dopamine receptors in the rat brain: a quantitative
autoradiographic analysis. J Neurosci 6:2352–2365.
Dickinson A, Balleine B (1994) Motivational control of goal-directed
action. Anim Learn Behav 22:1–18. http://dx.doi.org/10.3758/
BF03199951.
Dreyer JK, Herrik KF, Berg RW, Hounsgaard JD (2010) Inﬂuence of
phasic and tonic dopamine release on receptor activation. J
Neurosci 30:14273–14283. http://dx.doi.org/10.1523/JNEURO
SCI.1894-10.2010.
Dumartin B, Caille´ I, Gonon F, Bloch B (1998) Internalization of D1
dopamine receptor in striatal neurons in vivo as evidence of
activation by dopamine agonists. J Neurosci 18:1650–1661.
Durstewitz D, Seamans JK (2008) The dual-state theory of
prefrontal cortex dopamine function with relevance to catechol-
o-methyltransferase genotypes and schizophrenia. Biol
Psychiatry 64:739–749. http://dx.doi.org/10.1016/j.biopsych.
2008.05.015.
Ferguson SM, Eskenazi D, Ishikawa M, Wanat MJ, Phillips PEM,
Dong Y, Roth BL, Neumaier JF (2011) Transient neuronal
inhibition reveals opposing roles of indirect and direct pathways
in sensitization. Nat Neurosci 14:22–24. http://dx.doi.org/10.1038/
nn.2703.
Fiorillo CD, Newsome WT, Schultz W (2008) The temporal precision
of reward prediction in dopamine neurons. Nat Neurosci
11:966–973. http://dx.doi.org/10.1038/nn.2159.
Fiorillo CD, Tobler PN, Schultz W (2003) Discrete coding of reward
probability and uncertainty by dopamine neurons. Science
299:1898–1902. http://dx.doi.org/10.1126/science.1077349.
Foley KA, Fudge MA, Kavaliers M, Ossenkopp K-P (2006)
Quinpirole-induced behavioral sensitization is enhanced by prior
scheduled exposure to sucrose: a multi-variable examination of
locomotor activity. Behav Brain Res 167:49–56. http://dx.doi.org/
10.1016/j.bbr.2005.08.015.
Frank MJ (2005) Dynamic dopamine modulation in the basal ganglia:
a neurocomputational account of cognitive deﬁcits in medicated
and nonmedicated Parkinsonism. J Cogn Neurosci 17:51–72.
http://dx.doi.org/10.1162/0898929052880093.
Frank MJ, Samanta J, Moustafa AA, Sherman SJ (2007) Hold your
horses: impulsivity, deep brain stimulation, and medication in
Parkinsonism. Science 318:1309–1312. http://dx.doi.org/10.1126/
science.1146157.
Frank MJ, Seeberger LC, O’Reilly RC (2004) By carrot or by stick:
cognitive reinforcement learning in Parkinsonism. Science
306:1940–1943. http://dx.doi.org/10.1126/science.1102941.
Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma
FJ, Sibley DR (1990) D1 and D2 dopamine receptor-regulated
gene expression of striatonigral and striatopallidal neurons.
Science 250:1429–1432. http://dx.doi.org/10.1126/science.
2147780.
Hick WE (1952) On the rate of gain of information. Q J Exp Psychol
4:11–26.
Humphries MD, Khamassi M, Gurney K (2012) Dopaminergic control
of the exploration–exploitation trade-oﬀ via the basal ganglia.
Front Decis Neurosci 6:9. http://dx.doi.org/10.3389/
fnins.2012.00009.
Iizuka Y, Sei Y, Weinberger DR, Straub RE (2007) Evidence that the
BLOC-1 protein dysbindin modulates dopamine D2 receptor
internalization and signaling but not D1 internalization. JNeurosci 27:12390–12395. http://dx.doi.org/10.1523/JNEURO
SCI.1689-07.2007.
Jaeger D, Kita H (2011) Functional connectivity and integrative
properties of globus pallidus neurons. Neuroscience 198:44–53.
http://dx.doi.org/10.1016/j.neuroscience.2011.07.050.
Jin X, Costa RM (2010) Start/stop signals emerge in nigrostriatal
circuits during sequence learning. Nature 466:457–462. http://
dx.doi.org/10.1038/nature09263.
Keeler JF (2013) Instrumental response sequencing: dopaminergic
modulation and behavioural control. PhD thesis. University of
Cambridge.
Kerr JND, Wickens JR (2001) Dopamine D-1/D-5 receptor activation
is required for long-term potentiation in the rat neostriatum in vitro.
J Neurophysiol 85:117–124.
Kreitzer AC, Berke JD (2011) Investigating striatal function through
cell-type-speciﬁc manipulations. Neuroscience 198:19–26. http://
dx.doi.org/10.1016/j.neuroscience.2011.08.018.
Kurylo DD, Tanguay S (2003) Eﬀects of quinpirole on behavioral
extinction. Physiol Behav 80:1–7. http://dx.doi.org/10.1016/
S0031-9384(03)00218-X.
Laco Y, Marley AAJ (2004) Choice and response time processes in
the identiﬁcation and categorization of unidimensional stimuli.
Percept Psychophys 66:1206–1226.
Lane DA, Chan J, Fitzgerald ML, Kearn CS, Mackie K, Pickel VM
(2012) Quinpirole elicits diﬀerential in vivo changes in the pre- and
postsynaptic distributions of dopamine D2 receptors in mouse
striatum: relation to cannabinoid-1 (CB1) receptor targeting.
Psychopharmacology (Berl) 221:101–113. http://dx.doi.org/
10.1007/s00213-011-2553-4.
Lee B, Groman S, London ED, Jentsch JD (2007) Dopamine D2/D3
receptors play a speciﬁc role in the reversal of a learned visual
discrimination in monkeys. Neuropsychopharmacology
32:2125–2134.
Lidow MS, Goldman-Rakic PS, Rakic P, Innis RB (1989) Dopamine
D2 receptors in the cerebral cortex: distribution and
pharmacological characterization with [3H]raclopride. Proc Natl
Acad Sci USA 86:6412–6416.
Mahon S, Deniau J-M, Charpier S (2004) Corticostriatal plasticity: life
after the depression. Trends Neurosci 27:460–467. http://
dx.doi.org/10.1016/j.tins.2004.06.010.
Mallet N, Micklem BR, Henny P, Brown MT, Williams C, Bolam JP,
Nakamura KC, Magill PJ (2012) Dichotomous organization of the
external globus pallidus. Neuron 74:1075–1086. http://dx.doi.org/
10.1016/j.neuron.2012.04.027.
Martin-Negrier M-L, Charron G, Bloch B (2006) Receptor recycling
mediates plasma membrane recovery of dopamine D1 receptors
in dendrites and axons after agonist-induced endocytosis in
primary cultures of striatal neurons. Synapse 60:194–204. http://
dx.doi.org/10.1002/syn.20296.
Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex
function. Annu Rev Neurosci 24:167–202. http://dx.doi.org/
10.1146/annurev.neuro.24.1.167.
Mink JW (1996) The basal ganglia: focused selection and inhibition of
competing motor programs. Prog Neurobiol 50:381–425. http://
dx.doi.org/10.1016/S0301-0082(96)00042-1.
Montague PR, Hyman SE, Cohen JD (2004) Computational roles for
dopamine in behavioural control. Nature 431:760–767.
Nakajima S, O’Regan NB (1991) The eﬀects of dopaminergic
agonists and antagonists on the frequency–response function
for hypothalamic self-stimulation in the rat. Pharmacol Biochem
Behav 39:465–468.
Nederkoorn C, Guerrieri R, Havermans RC, Roefs A, Jansen A
(2009) The interactive eﬀect of hunger and impulsivity on food
intake and purchase in a virtual supermarket. Int J Obes
33:905–912. http://dx.doi.org/10.1038/ijo.2009.98.
Niemi P, Na¨a¨ta¨nen R (1981) Foreperiod and simple reaction time.
Psychol Bull 89:133–162. http://dx.doi.org/10.1037/0033-
2909.89.1.133.
Ostlund SB, Wassum KM, Murphy NP, Balleine BW, Maidment NT
(2011) Extracellular dopamine levels in striatal subregions track
172 J. F. Keeler et al. / Neuroscience 282 (2014) 156–175shifts in motivation and response cost during instrumental
conditioning. J Neurosci 31:200–207. http://dx.doi.org/10.1523/
JNEUROSCI.4759-10.2011.
Pellegrino LJ, Pellegrino AS, Cushman AJ (1979) A stereotaxic atlas
of the rat brain. New York: Plenum Press.
Pretsell D (1993) The role of the dorsal striatum in the control of
reaction time performance. PhD thesis. University of
Cambridge.
Ratcliﬀ R, McKoon G (2007) The diﬀusion decision model: theory and
data for two-choice decision tasks. Neural Comput 20:873–922.
http://dx.doi.org/10.1162/neco.2008.12-06-420.
Redgrave P, Prescott TJ, Gurney K (1999) The basal
ganglia: a vertebrate solution to the selection problem?
Neuroscience 89:1009–1023. http://dx.doi.org/10.1016/S0306-
4522(98)00319-4.
Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S,
Bergman H, Agid Y, DeLong MR, Obeso JA (2010) Goal-directed
and habitual control in the basal ganglia: implications for
Parkinson’s disease. Nat Rev Neurosci 11:760–772. http://
dx.doi.org/10.1038/nrn2915.
Reiner A (2009) You cannot have a vertebrate brain without a basal
ganglia. In: Groenewegen HJ, Voorn P, Berendse HW, Mulder
AB, Cools AR, editors. The basal ganglia IX. Advances in
behavioral biology. New York: Springer. p. 3–24.
Rice ME, Cragg SJ (2008) Dopamine spillover after quantal release:
rethinking dopamine transmission in the nigrostriatal pathway.
Brain Res Rev 58:303–313. http://dx.doi.org/10.1016/
j.brainresrev.2008.02.004.
Richﬁeld EK, Penney JB, Young AB (1989) Anatomical and aﬃnity
state comparisons between dopamine D1 and D2 receptors in the
rat central nervous system. Neuroscience 30:767–777.
Robbins TW (1976) Relationship between reward-enhancing and
stereotypical eﬀects of psychomotor stimulant drugs. Nature
264:57–59. http://dx.doi.org/10.1038/264057a0.
Robbins TW (2002) The 5-choice serial reaction time task:
behavioural pharmacology and functional neurochemistry.
Psychopharmacology (Berl) 163:362–380. http://dx.doi.org/
10.1007/s00213-002-1154-7.
Robbins TW (2005) Chemistry of the mind: neurochemical
modulation of prefrontal cortical function. J Comp Neurol
493:140–146. http://dx.doi.org/10.1002/cne.20717.
Ryoo HL, Pierrotti D, Joyce JN (1998) Dopamine D3 receptor is
decreased and D2 receptor is elevated in the striatum of
Parkinson’s disease. Mov Disord 13:788–797. http://dx.doi.org/
10.1002/mds.870130506.
Schultz W (1998) Predictive reward signal of dopamine neurons. J
Neurophysiol 80:1–27.
Seamans JK, Robbins TW (2010) Dopamine modulation of the
prefrontal cortex and cognitive function. In: Neve KA, editor. The
dopamine receptors. The receptors. Humana Press. p. 373–398.
Shen W, Flajolet M, Greengard P, Surmeier DJ (2008) Dichotomous
dopaminergic control of striatal synaptic plasticity. Science
321:848–851. http://dx.doi.org/10.1126/science.1160575.
Strausfeld NJ, Hirth F (2013) Deep homology of arthropod central
complex and vertebrate basal ganglia. Science 340:157–161.
http://dx.doi.org/10.1126/science.1231828.
Surmeier DJ, Ding J, Day M, Wang Z, Shen W (2007) D1 and D2
dopamine-receptor modulation of striatal glutamatergic signaling
in striatal medium spiny neurons. Trends Neurosci 30:228–235.
http://dx.doi.org/10.1016/j.tins.2007.03.008.
Tanaka T, Vincent SR, Nomikos GG, Fibiger HC (1992) Eﬀect of
quinine on autoreceptor-regulated dopamine release in the rat
striatum. J Neurochem 59:1640–1645.
Tobler PN, Fiorillo CD, Schultz W (2005) Adaptive coding of reward
value by dopamine neurons. Science 307:1642–1645. http://
dx.doi.org/10.1126/science.1105370.
Tunstall MJ, Oorschot DE, Kean A, Wickens JR (2002) Inhibitory
interactions between spiny projection neurons in the rat striatum.
J Neurophysiol 88:1263–1269.Ulrich R, Miller J (1994) Eﬀects of truncation on reaction time
analysis. J Exp Psychol Gen 123:34–80. http://dx.doi.org/
10.1037/0096-3445.123.1.34.
Usher M, Olami Z, McClelland JL (2002) Hick’s law in a stochastic
race model with speed-accuracy tradeoﬀ. J Math Psychol
46:704–715. http://dx.doi.org/10.1006/jmps.2002.1420.
Valentin VV, Dickinson A, O’Doherty JP (2007) Determining the
neural substrates of goal-directed learning in the human brain. J
Neurosci 27:4019–4026. http://dx.doi.org/10.1523/JNEUROSCI.
0564-07.2007.
Voorn P, Vanderschuren LJM, Groenewegen HJ, Robbins TW,
Pennartz CM (2004) Putting a spin on the dorsal–ventral divide of
the striatum. Trends Neurosci 27:468–474. http://dx.doi.org/
10.1016/j.tins.2004.06.006.
Wassum KM, Ostlund SB, Maidment NT (2012) Phasic mesolimbic
dopamine signaling precedes and predicts performance of a self-
initiated action sequence task. Biol Psychiatry 71:846–854. http://
dx.doi.org/10.1016/j.biopsych.2011.12.019.
Wickens JR, Alexander ME, Miller R (1991) Two dynamic modes of
striatal function under dopaminergic–cholinergic control:
simulation and analysis of a model. Synapse 8:1–12. http://
dx.doi.org/10.1002/syn.890080102.
Willuhn I, Burgeno LM, Everitt BJ, Phillips PEM (2012) Hierarchical
recruitment of phasic dopamine signaling in the striatum during
the progression of cocaine use. Proc Natl Acad Sci
109:20703–20708. http://dx.doi.org/10.1073/pnas.1213460109.
Yin HH, Knowlton BJ, Balleine BW (2004) Lesions of dorsolateral
striatum preserve outcome expectancy but disrupt habit formation
in instrumental learning. Eur J Neurosci 19:181–189. http://
dx.doi.org/10.1111/j.1460-9568.2004.03095.x.
Yin HH, Knowlton BJ, Balleine BW (2006) Inactivation of dorsolateral
striatum enhances sensitivity to changes in the action-outcome
contingency in instrumental conditioning. Behav Brain Res
166:189–196. http://dx.doi.org/10.1016/j.bbr.2005.07.012.
Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005) The role of the
dorsomedial striatum in instrumental conditioning. Eur J Neurosci
22:513–523. http://dx.doi.org/10.1111/j.1460-9568.2005.04218.x.ANNEX I.I. LONG SEQUENCE SNT(7)
Method
Rats were trained to perform a seven-component
sequential nose-poke task referred to as the SNT(7).
Using the standard ‘nine-hole chambers’ (Robbins,
2002) only ﬁve of the holes were left accessible. The ﬁve
holes were evenly spaced and numbered 1–5 from left to
right. On the chamber wall opposite this response array
was an additional sixth response location where rewards
could be delivered. A correct response location was sig-
naled with corresponding illumination. Rats therefore
learned to respond wherever the light was activated. Rats
were trained to perform the seven-component sequence
3? 1? 2? 3? 4? 5? Reward.
Forty-eight male Lister-hooded rats (Charles River, UK)
were trained to perform the SNT(7) paradigm. These rats
were divided into two groups of twenty-four, identiﬁed as
group-A and group-B. Each group received two-drug
treatment blocks. Group-A received the D1DR antagonist
SCH-23390 (0, 0.05-, 0.1-, 0.2-, 0.4-, 0.8-mg/kg) and the
D1DR agonist SKF-81297 (0-, 0.03-, 0.1-, 0.3-, 1-, 3-mg/
kg). Group-B received the D2DR antagonist sulpiride
(0-, 1-, 10-, 20-, 40-, 60-mg/kg) and the D2DR agonist
quinpirole (0-, 0.01-, 0.03-, 0.1-, 0.3-, 1-mg/kg).
Sequence Location Group-A Group-B
SCH-23390 0.2-mg/kg Sulpiride 60-mg/kg Quinpirole 0.03-mg/kg
1 3 F(2.25, 49.58) = 39.99,
P= 1E11
F(3.92, 90.22) = 34.49,
P= 3E17
F(2.00, 42.00) = 36.55,
P= 6E10
2 1 F(1.52, 33.44) = 19.36,
P= 1E5
F(2.87, 66.12) = 26.93,
P= 3E11
F(1.75, 38.49) = 20.28,
P= 2E6
3 2 F(1.85, 42.52) = 30.24,
P= 1E8
F(2.64, 60.72) = 29, P= 5E11 F(1.66, 34.91) = 29.15,
P= 1E7
4 3 F(2.21, 50.91) = 12.52,
P= 2E5
F(3.54, 81.33) = 16.14,
P= 4E4
F(1.86, 40.97) = 14.44,
P= 3E5
5 4 F(2.62, 60.33) = 6.21, P= 0.002 F(4.86, 111.81) = 6.28,
P= 4E5
F(1.46, 32.08) = 20.36,
P= 1E5
6 5 F(2.03, 46.71) = 7.45, P= 0.001 F(4.97, 114.25) = 5.4, P= 2E4 F(1.56, 34.26) = 11.73,
P= 4E4
7 Reward F(1.96, 45.17) = 2.25, P= 0.1 F(4.17, 95.8) = 6.05, P= 2E4 F(2.00, 44.00) = 9.04, P= 5E4
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administered systemically through the intra-peritoneal
route [30 min] prior to each testing session. Each drug
block (four total) was set up using a Latin-square design.
Baseline days were applied between dose days to allow
behavior to normalize following any drug eﬀects. Drug
blocks were also separated by an extended recovery
period to reduce potential carryover eﬀects.
Subjects were allowed to freely perform the task for
30 min without punishment for incorrect responding.
Completion of a successful sequence resulted in the
delivery of a 45-mg pellet (Noyes ‘formula P’).
Behavioral data were subjected to ANOVA using the
general linear model with repeated measures analysis.
All tests of signiﬁcance were performed at a= 0.05. For
repeated-measures analyses, Mauchly’s test of
sphericity was applied and the degrees of freedom
corrected to more conservative values using the Huynh–
Feldt epsilon for any terms involving factors in which the
sphericity assumption was violated. The core behavioral
measures of the task included successfully completed
trials, correct response latencies (from one component
to the next), and incorrect response count (by location).
For purposes of latency analysis for each dose
response investigated per drug a representative dose
was selected. For each drug this was the dose that
resulted in a reduction of the number of trials by
approximately 50%. This reduction in trial performance
ensured comparable deﬁcits across the drugs while still
providing suﬃciently large datasets for latency analysis.
ResultsCompleted trials. Except for the SKF-81297 all drugs
produced a dose-dependent reduction in the number of
completed trials. SKF-81297 induced a deﬁcit at the
highest dose (3-mg/kg) with recovery of performance
toward the end of the 30-min session. This non-uniform
deﬁcit in performance with respect to time precluded
further SKF-81297 analysis. SCH-23390 signiﬁcantly
reduced trial number with increasing dose
(F(3.54, 81.43) = 100.4, P= 3E29) and 0.2-mg/kgwas selected for latency analysis. Sulpiride signiﬁcantly
reduced trial number with increasing dose
(F(3.34, 76.71) = 41.12, P= 8E17) and the 60-mg/kg
dose was selected for latency analysis. Quinpirole
signiﬁcantly reduced trial number with increasing dose
(F(2.4, 55.31) = 85.05, P= 5E19) and the 0.03-mg/kg
dose was selected for latency analysis.
Latencies. At the selected doses the remaining drug
manipulations where shown to impair (slow) response
times (latencies) in a sequence-speciﬁc manner.
Generally, early sequence components were more
greatly impaired than late sequence components
(Fig. 2a–c).
Incorrect/superﬂuous responses. Exploratory data
analysis revealed that quinpirole had introduced a
response bias with a greater over-expression of terminal
sequence responses. This phenomenon was further
investigated (Annex I.iii).
Overview
The DA-ergic drugs SCH-23390, sulpiride- and
quinpirole-impaired performance of the SNT(7) in a
sequence-speciﬁc manner. Early sequence components
were more grossly impaired than late sequence
components.
In this investigation we used a block latin square
design. Two blocks were used for each subject set and
each block had a vehicle (zero drug) testing day. The
vehicle testing days were used to calculate the slowing
factors within each block. A comparison between the
diﬀerent vehicle testing days did reveal a small but
signiﬁcant diﬀerence in performance across some of the
SNT components. However, these performance
changes were consistent with a simple training eﬀect.
Therefore, we think our drug-induced slowing functions
are relatively stable. These results are also supported
by in-depth analyses of datasets from our prior studies.
This experimental structure was necessary in order to
isolate an optimum drug dose from the dose response
range. Future experiments could circumvent this
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ANNEX I.II. INITIATION/TERMINATION
ANALYSIS USING THE SNT(4)
The experiments detailed in Annex I.i revealed a
sequence-dependent slowing of SCH-23390, sulpiride
and quinpirole. Generally speaking, these DA-ergic
manipulations impaired early sequence components
more than late sequence components. However, this
observation is in itself incomplete. Consider an operant
task where only a single response is required: this
single response might be considered both an initiating
and terminating component. As more intermediate
components are added, and the sequence extended,
the initiating and terminating components become
unique and temporally discrete.
Reinforcement learning takes place in a manner which
is dependent on reward-proximity, with the ‘back-
propagation’ of this reward signal to earlier and earlier
predictors. We can refer to this type of learning as
‘termination-anchored’, where the termination of the
sequence is the reward delivery. However, DA surges
are also known to be strongly associated with the
initiation of behavior (Jin and Costa, 2010). The aim of
this study extension was to investigate the diﬀerential
roles of the D1DRs and the D2DRs to sequence initiation
and termination performance.
If the drug of interest has introduced an initiation-
anchored deﬁcit, this should become apparent by
altering the length of the SNT sequence. If all other
things are held constant, a pure initiation-anchored
deﬁcit should result in a similar slowing of initiation
components regardless of a shortening or lengthening of
the sequence. Alternatively, if the drug of interest has
introduced a termination-anchored deﬁcit, we should see
a unique set of properties emerging. If the sequence is
shortened, the magnitude of the resulting trial initiation
deﬁcit should be reduced. Conversely, if the sequence is
lengthened, we should ﬁnd that the magnitude of the
resulting trial initiation deﬁcit is increased.
Method
The same subjects used in the experiments of Annex I.i
were retrained on a shortened version of the SNT,
consisting of only four components. The new sequence
ran 3? 4? 5? Reward and may be referred to as the
SNT(4). The drug doses used for latency analysis were
readministered to the same groups. Performance was
assessed on the SNT(4) under both vehicle and drug-
dose conditions (randomized).
Performance from the drug-dose day was divided by
the performance on the vehicle test day. This
calculation produced a ‘slowing factor’, where a value of
‘1’ represented no change, a value less than ‘1’
represents a speeding, and greater than ‘1’ a slowing.
Slowing factors were compared for the initiation and
termination components for the SNT(7) and SNT(4)
tasks at the selected dose level for SCH-23390,
sulpiride and quinpirole (Fig. 2d–f).Results
 SCH-23390 0.2-mg/kg slowed initiation by a similar
proportion across both versions of the SNT (Fig. 2d).
This was evidenced in the lack of a signiﬁcant diﬀer-
ence between the slowing factors for task initiation
[F(1, 21) = 0.26, P= 0.6]. Likewise, there was no sig-
niﬁcant diﬀerence between the termination slowing fac-
tors [F(1, 22) = 0.25, P= 0.6]. SCH-23390 [0.2-mg/
kg] had a similar eﬀect across both initiation and termi-
nation on both paradigms, irrespective of the diﬀerent
lengths of the sequences. SCH-23390 therefore
impaired behavior in an initiation-anchored manner.
 Sulpiride 60-mg/kg slowed the initiation component
by a signiﬁcantly greater amount on the shorter
SNT(4) sequence when compared to the SNT(7)
[F(1, 20) = 13.77, P= 0.001] (Fig. 2e). The termina-
tion component was also slowed by a signiﬁcantly
greater amount on the SNT(4) [F(1, 20) = 38.64,
P= 0.000005].
 Quinpirole 0.03-mg/kg slowed the termination com-
ponent (reward collection) by a similar amount on both
versions of the paradigm, with no signiﬁcant diﬀerence
between the two groups [F(1, 21) = 0.25, P= 0.6]
(Fig. 2f). While there was signiﬁcant slowing of
initiation with both the drugs, the degree of slowing
was signiﬁcantly greater for the SNT(7) task relative
to the SNT(4) using the same dose of quinpirole
[F(1, 20) = 9.39, P= 0.006].
Overview
Initiation/termination analysis revealed SCH-23390 was
operating in an initiation-anchored manner. In contrast,
both sulpiride and quinpirole were operating in a
termination-anchored manner.ANNEX I.III. SNT(6) AND REPEATED
QUINPIROLE
Method
A naive batch of twenty-four male Lister-hooded rats were
trained and tested on a modiﬁed version of the SNT task
consisting of six components. The task required a
sequence of responses of the form 1? 2? 3?
4? 5? Reward and was referred to as the SNT(6)
paradigm. This modiﬁed form removed repetition of the
hole-3 component.
Subjects were randomly assigned to one of two
groups. The ﬁrst group received nine injections of
quinpirole [0.5-mg/kg]. The dose was administered
[30 min] prior to testing. Baseline training days were
introduced between dose days to ensure maintained
task performance. The second group received the same
testing regime, but was administered with vehicle instead.Results
Trial number was signiﬁcantly and dramatically reduced in
the quinpirole group compared to the vehicle group
[F(1, 22) = 161.39, P= 1E11].
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response array visits were overall signiﬁcantly increased
with quinpirole [F(1, 22) = 7.47, P= 0.01]. This eﬀect
was one that developed over the dose days
[F(5.96, 131.22) = 12.07, P= 1E10]. In hole-1 there
was a signiﬁcant reduction in the number of responses
in the quinpirole group [F(1, 22) = 12.49, P= 0.002],
but this did recover to more normal levels over the nine
testing days as alluded to by the interaction statistic
[F(6.7, 147.5) = 7.63, P= 0.0000001]. Indeed, there
was an interaction between the dose day and the group
for all response array locations, showing a signiﬁcant
increase over time with quinpirole. This increase was
most pronounced for hole-4 and hole-5, where a
dramatic and signiﬁcant excess of superﬂuous
responses was generated by the ninth day. The
superﬂuous responses plotted by response location on
the ninth day are shown in Fig. 2g.
Overview
Repeated quinpirole dosing induced a response bias in
rats performing the SNT(6). This behavioral bias
exhibited itself as over expression of terminal sequence
responses in the absence of correctly performed and
rewarded sequences.
ANNEX II. FOREPERIOD AND ONE-CHOICE
SERIAL REACTION TIME (1CSRT)
One-choice simple reaction time task (1cSRT) (Pretsell
and Robbins, in preparation).
Method
Male Lister rats (initially weighing about 250 g)
were used at 90% of their free-feeding weight (around290–320 g at the time of the experiment and tested
during the day part of their natural day/night cycle.
Bilateral infusions were made through 23ga stainless
steel cannulae implanted into the dorsal striatum
(stereotaxic co-ordinates: 2.5 mm anterior to bregma;
±3.5 mm lateral from the midline and 4.7 mm ventral
to dura (Pellegrino et al., 1979). Drugs were dissolved
in phosphate-buﬀered saline in a volume of 1 ll per
hemisphere over 4 min. Two further minutes were
allowed for diﬀusion before the cannulae were removed
and the rats were placed into the test apparatus before
the session began, 5 min later.
Each trial was initiated by the rat inserting its nose into
the central aperture of an array of 3 in the ‘nine-hole box
apparatus’. After a variable delay of 0.6, 0.9, 1.2 or 1.5 s,
the two peripheral apertures immediately adjacent to the
central aperture were illuminated and, together with the
sounding of an auditory tone (0.5 s), signaled that a
withdrawal response was required from the central
aperture, resulting in a 45-mg food pellet being
delivered to the food magazine at the rear of the
apparatus. Retrieval of the food pellet by pushing a
hinged Plexiglas panel in front of the magazine resulted
in the initiation of the next trial (i.e. light onset in the
central aperture). Premature withdrawal of the nose
from the central aperture resulted in a punishment
period of a 1 s period of darkness (time-out) with no
pellet being delivered. Similarly, prolonged responses in
the central aperture of >1.5 s were punished in the
same way. Following time-out the next trial was re-
initiated through a panel push. Each session consisted
of 40 trials, 10 at each delay, randomly distributed
throughout the test session and the data shown are
averaged over 40 trials.(Accepted 14 July 2014)
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